Group II introns are self-splicing ribozymes that are essential in many organisms, and they have been hypothesized to share a common evolutionary ancestor with the spliceosome. Although structural similarity of RNA components supports this connection, it is of interest to determine whether associated protein factors also share an evolutionary heritage. Here we present the crystal structures of reverse transcriptase (RT) domains from two group II intron-encoded proteins (maturases) from Roseburia intestinalis and Eubacterium rectale, obtained at 1.2-Å and 2.1-Å resolution, respectively. These domains are more similar in architecture to the spliceosomal Prp8 RT-like domain than to any other RTs, and they share substantial similarity with flaviviral RNA polymerases. The RT domain itself is sufficient for binding intron RNA with high affinity and specificity, and it is contained within an active RT enzyme. These studies provide a foundation for understanding structure-function relationships within group II intron-maturase complexes.
a r t i c l e s Group II introns are ribozymes that catalyze their own excision from precursor RNAs and the subsequent ligation of flanking exons (a process known as self-splicing) [1] [2] [3] [4] [5] . Liberated group II introns can also reverse-splice into new genomic sites, behaving as retrotransposons 2, 4, [6] [7] [8] . In vivo, both of these processes require a specific protein partner called a 'maturase' , which is a multidomain protein encoded within an open reading frame in intron domain 4 (D4) 2, 9 . The minimal functional core of this intron-encoded protein, or maturase, contains an N-terminal RT domain followed by a maturase (X) domain [10] [11] [12] (Supplementary Fig. 1a ). On the basis of sequence alignment, the RT domain corresponds to the finger and palm subdomains of a polymerase, and the less conserved X domain may be analogous to a polymerase thumb domain [10] [11] [12] . For some maturases, there is also an endonuclease domain at the C terminus that is involved only in intron mobility [10] [11] [12] .
An ancient family of proteins, the group II intron maturases are remarkably multifunctional, having direct roles in specific RNA recognition, RNA splicing and reverse transcription 2, 3, 13, 14 . Previous studies have demonstrated that the maturase associates with the intron as a dimer 15, 16 and that it binds RNA through strong and specific interactions between the maturase RT domain 17 and a stem-loop structure in intron D4 (refs. 14,18) . After the formation of this intron-maturase ribonucleoprotein (RNP) complex, the X domain is thought to reach into the intron active site and promote splicing 19 . This RNP complex must also orient the maturase at the correct position to initiate target-DNA-primed reverse transcription 3, 4, 14 , thereby allowing group II introns to transpose and proliferate within a host genome 2,3,6 .
Believed to be major players in the early RNA world, group II introns are likely to share a common ancestor with both eukaryotic spliceosomes and non-long terminal repeat (non-LTR) retrotransposons 2, 3, [20] [21] [22] [23] [24] , which together compose a significant portion of the human genome 3 . One piece of evidence supporting this hypothesis is that the catalytic centers of these two systems, i.e., group II intron domain 5 (D5) and spliceosomal U6 RNA, share a similar structure and use a similar catalytic mechanism 1,24-31 . Another piece of evidence is the sequence homology of the group II intron maturase with the RT-like domain of spliceosomal protein Prp8 (refs. [32] [33] [34] [35] . However, this information is indirect because of the lack of RT activity by Prp8 (ref. 32 ) and the lack of any structural information on group II intron maturases. Similarly, there is no available structural information for non-LTR retrotransposon RTs, and their putative relationship with group II introns is based on phylogenetic comparison 23 . Given their prevalence in the human genome, the lack of structural information on non-LTR retrotransposon RTs is a substantial impediment to understanding of their role in genomic evolution and in human disease 36, 37 .
To bridge the gap caused by the lack of structural information on this protein class, we solved what are, to our knowledge, the first crystal structures of group II intron maturase RT domains. These highresolution crystal structures provide a view of an intron maturase RT domain as well as structural evidence of an evolutionary relationship between protein components of group II introns and spliceosomes. The structures also provide insights into the evolution and mechanism of non-LTR RTs. Parallel biochemical studies revealed that the isolated maturase RT domains associate with their RNA receptors with high affinity and specificity through a specialized RNAinteraction surface. Together, these findings reveal a functional interplay between protein subdomains that facilitate RNA recognition and those that catalyze reverse transcription.
RESULTS

Overall structure of the group II intron maturase RT domain
Although the enzyme family was first identified more than 20 years ago 38 , group II intron maturase proteins have been challenging targets for structural studies because of their relatively low solubility and stability 39 . To identify a maturase that would be more suitable for structural analyses, we searched for stable variants by examining the group II intron database 12 . We hypothesized that the high fraction of positively charged residues in these proteins, particularly arginine, might explain their apparent aggregation and instability. As a result, we ranked all the maturases on the basis of arginine percentage, isoelectric point and the fraction of the sequence predicted to form secondary structures. The top hits included an example from E. rectale M104/1 (Eu.re.I2 or E.r.) and another from R. intestinalis XB6B4 (Ro. in.I1 or R.i.) (Supplementary Fig. 1b ).
Our initial attempts to purify the full-length R.i. maturase were unsuccessful because the full-length protein was completely proteolyzed into a homogenous fragment during protein expression. Edman sequencing and molecular weight (MW) determination (using liquid chromatography-mass spectrometry (LC-MS)) revealed that this fragment comprises residues 1-305 from the N terminus of the R.i. maturase (Supplementary Fig. 1b) . The fragment spans the entire reverse transcriptase (RT) domain, including sections corresponding to the polymerase finger and palm subdomains, which have been designated as regions RT0-7 in previous studies 10, 23 . The R.i. RT fragment readily crystallized in more than 30 conditions, and we were able to solve a 1.2-Å native structure by using the phase information from a 1.4-Å selenomethionine (Se-Met) derivative solved by single-wavelength anomalous dispersion (SAD) ( Table 1 and Fig. 1a,b ). Using crystals obtained under different conditions, we solved the same structure in two additional space groups ( Table 2) . Guided by the sequence alignment of R.i. and E.r. maturases ( Supplementary Fig. 1b) , we created an E.r. RT construct (1-293) spanning the same region as the R.i. RT, and we solved its structure to 2.1 Å ( Fig. 1c ). We therefore focused most of our subsequent structural analysis on the R.i. RT domain because of its unusually high resolution.
The R.i. RT monomer adopts a compact, elongated structure that is organized into finger and palm subdomains, as in other polymerases 40 (Fig. 1a) . The RT0 motif, which is characteristic of group II intron RTs and non-LTR retrotransposon RTs 10 , is composed of four α-helices that form two sets of antiparallel helices joined at an angle of ~110° (a1, a2, a3 and a4) ( Figs. 1a and 2a) .
The insertion in the finger domain (the IFD motif) 40 is composed of two antiparallel α-helices (a8 and a9) that are located at the outer surface, at the junction of the finger and palm subdomains ( Figs. 1a and 2a) . The IFD motif has been shown to mediate processivity in telomerases 40 . Interestingly, in the absence of Mg 2+ in the crystallization solution, the conserved active site YADD motif coordinates a K + ion through tight interactions with two aspartic acids (D151 and D239), two backbone carbonyls from C240 and I152, and three water molecules ( Fig. 1c and Supplementary Fig. 1d ). Most prominently, in all the structures, the RT molecules form an extended dimerization interface (1,553.7 Å 2 , Supplementary Fig. 2a ) that is part of the asymmetric unit.
Comparison of the maturase RT to other RT structures
When we compared the R.i. RT-domain structure with the finger and palm subdomains from telomerase RT 40 , HIV RT 41 , HCV NS5B 42 and spliceosomal core protein Prp8 (ref. 32 ), a striking feature was that the overall fold of the maturase RT domain is closer to that of the RT-like domain from Prp8 than to that of any other type of polymerase ( Fig. 2) . From a de novo Dali search 43 using the R.i. RT monomer as the query structure, we found that Prp8 has the highest Z score among all the protein structures in the Protein Data Bank ( Supplementary Table 1 ). Additionally, despite a sequence identity of only ~10% Supplementary Table 1 ). Importantly, the RT0 motif within the maturase RTs has never been observed before within an RT, and yet it is organized into a set of bent antiparallel α-helices that resemble the α-helices in the N-terminal region of Prp8 ( Fig. 2a,b) .
A minor difference is that, in Prp8, the most N-terminal α-helix forms a parallel α-helix with the IFD motif ( Fig. 2b) . The structural similarity between the maturase RT domain and Prp8 provides evidence from a protein-structure perspective that group II intron RNPs share a common ancestor with the eukaryotic spliceosome.
Remarkably, the class of proteins that rank second in structural similarity to the maturase RT are the RNA-dependent RNA polymerases from hepatitis C virus (HCV NS5B) 42 , rather than other types of RTs ( Fig. 2 and Supplementary Table 1 ). This result is consistent with the previous observation that the RT-like domain from Prp8 is structurally related to HCV NS5B 32 . The high similarity between the maturase RT and HCV NS5B is evident from the architecture of both the RT0 motif and IFD motifs, although the RT0 motif in HCV NS5B is shorter and does not have the bent configuration observed in the maturase RT ( Fig. 2a,e ). Structural correspondence between these enzyme families confirms the previously proposed phylogenetic relationship between non-LTR RTs and RNA polymerases 23 and suggests that flaviviral RNA polymerases (for example, HCV NS5B) are closer in evolutionary origin to group II intron RTs and non-LTR RTs than to retroviral RTs.
Telomerase RT has frequently been claimed to be related to the maturase RT 10 , but the extent of their correspondence is less than the similarity of maturase RT to Prp8 and HCV NS5B ( Fig. 2 and Supplementary Table 1 ). For example, the RT0 motif is not present in telomerase RT, and its N-terminal α-helix is docked along the periphery of the enzyme (Fig. 2c) . However, when the similarity of telomerase and maturase RTs is compared without including the RT0 motif, the similarity of these proteins becomes more apparent ( Supplementary Table 1 ). Importantly, the telomerase RT used for structural comparison (Tribolium castaneum) lacks the essential telomerase N-terminal domain 40 . It is possible that other telomerase RT variants may share more similarity with the maturase RT. The HIV retroviral RT displays the least similarity with the maturase RT, regardless of whether the RT0 motif is included ( Fig. 2a,d and Supplementary Table 1 ), thus confirming the previously proposed phylogenetic tree for RT enzymes 23 . The protein residues are shown as sticks, in which cyan represents carbon, red represents oxygen, blue represents nitrogen, and yellow represents sulfur. The waters are shown as red spheres, and the potassium ion is shown as a purple sphere. The interactions involving the potassium ion are shown as orange dashed lines, with indicated distances on the right (estimated coordinate error from phenix.refine is 0.09 Å). Residue C240 is modeled in two conformations, both of which are evident from the map. The 2F o − F c map is contoured at the 1.5σ level. npg a r t i c l e s Maturase RT binds RNA with high affinity and specificity A prominent feature of the maturase RT structure is a large electropositive patch that spans the outer surface of the protein ( Fig. 3a and Supplementary Fig. 3) , opposite from the dimerization interface. Intriguingly, this patch is flanked by stripes of negative electrostatic potential, which appear like fences around the positively charged surface ( Fig. 3a and Supplementary Fig. 3) .
Given that the positively charged patch is likely to interact with RNA, and that maturase proteins are known to bind RNA motifs within intron D4 (ref. 14) , we asked whether the maturase RT that we crystallized would display specific, high-affinity RNA binding. We tested this by creating an RNA construct corresponding to the first stem-loop within D4 of the E.r. intron (D4A), which corresponds to the high-affinity maturase-binding site within the Lactococcus lactis L1.LtrB group II intron 14, 18 (Fig. 3b and Supplementary Fig. 4a ).
We then determined the affinity of the E.r. RT and E.r. D4A by using a gel electrophoresis mobility shift assay (EMSA), which revealed strong binding with a K d of 0.17 ± 0.02 nM ( Fig. 3c and Supplementary Fig. 4b) . In contrast, the RT lacked affinity (up to 500 nM) for an intronic control RNA that is not involved in maturase recognition (intron domain 2, or D2) (Fig. 3b,c and Supplementary  Fig. 4b) . These data confirmed that the crystallographically characterized maturase RT construct is capable of tight, specific binding to a receptor site within intron D4, as has been observed for the maturase protein LtrA 14, 17, 18 . In addition, these data are consistent with the minimal RNA-binding domain of the LtrA maturase spanning regions RT0-RT4 (ref. 17 ).
Specific electropositive regions along the surface of the RT structure correspond to known maturase functional motifs. For example, the RT0 motif ( Figs. 2a and 3a) corresponds to hypomutable regions A and B, which have been identified in previous genetic screens of the LtrA maturase, and which are known to mediate specific RNA binding 17 . Direct involvement of RT0 in RNA recognition has further been supported by the observation that, in the LtrA maturase, deletions within the RT0 domain (∆N10 and ∆N20 constructs) result in loss of RNA binding specificity 17 . Additional evidence has come from studies of the Bombyx mori non-LTR retrotransposon R2, in which point mutations in the RT0 region substantially decrease RNA binding 45 . A second set of positive charges corresponds to the IFD motif, which has previously been proposed to enhance D4A binding by stabilizing the structure of RT0 (ref. 17 ). On the basis of the observed surface electrostatics and its proximity to the RT0 motif ( Figs. 2a and 3a) , it is possible that the IFD region may contribute to RNA binding by forming additional nonspecific interactions with the RNA backbone. Consistently with this possibility, a phosphate ion is bound within the IFD motif in the R.i. RT structure ( Supplementary  Fig. 4c) . A third positively charged region, formed by a11 and a12, is located adjacent to the IFD motif, and together they form an extended positively charged surface (Figs. 1a, 2a and 3a) . This long surface, together with the surface formed by IDF, is located opposite from the template-substrate binding groove, thus suggesting an economical 
The group II intron RT forms a stable, functional dimer
Previously studied group II intron maturases have been observed to interact as dimers with intronic RNA 15, 16 . It is therefore intriguing that the R.i. and E.r. maturase RT domains both crystallized as dimeric species. An extensive dimerization interface (1,553.7 Å 2 by PISA 46 ) is present in all crystal forms of both the E.r. and R.i. RT domains ( Fig. 4a and Supplementary Fig. 2a ), regardless of space group or crystallization conditions (Supplementary Fig. 2a) . The dimerization interface is stabilized by hydrophobic interactions in the center (Fig. 4c) and hydrogen bonds and electrostatic interactions at the periphery (Fig. 4d) . At the interface interior, there is a pair of cysteines that are properly oriented to form a disulfide bond, but they are 3.4 Å apart and are in the reduced form in all crystal structures that we solved (Fig. 4b) . At the dimer interface, the insertion loop of the finger domain (α-helix a10) forms hydrogen bonds with the C-terminal β strand of the other molecule (Supplementary Fig. 2b) . On the basis of previous studies, protein-protein interfaces greater than 800 Å 2 are considered to be likely to represent specific functional interaction interfaces 46 . An interface of 1,553.7 Å 2 suggests that the maturase RT forms a tight, biologically relevant dimerization interface.
To determine whether the maturase RT domain is dimeric in solution, we examined the oligomeric state of the protein in isolation and in the presence of its RNA partner (D4A) by using sedimentation velocity analysis by analytical ultracentrifugation (SV-AUC) and multiangle light scattering coupled to size-exclusion chromatography (SEC-MALS). For the E.r. RT domain, a representative SV-AUC experiment indicated an MW of 61 kDa, and the fitted peak sedimentation coefficient (s 20,w ) and frictional coefficient (f/f 0 ) matched the predicted values from the crystal structure of the E.r. RT dimer (by using US-SOMO 47 software) ( Fig. 5a) . Additionally, the MWs determined by SEC-MALS at three protein concentrations were in good agreement with the estimated value from SV-AUC (Fig. 5b) . Because the theoretical MW of an RT monomer is 33 kDa, the experimentally determined MW values indicate that the RT domain exists as a dimer in solution. Similarly, in parallel studies on the RNA-protein complex, SV-AUC analysis yielded an estimated molecular weight of 116 kDa (Fig. 5a) , a result consistent with the value obtained by SEC-MALS at three concentrations (Fig. 5b) . Given that the molecular weight of D4A is 21 kDa (Supplementary Fig. 4d) , the estimated molecular weight of the E.r. RT-D4A complex indicates that the RNP complex is composed of a RT dimer interacting with two D4A RNA molecules.
The 2:2 stoichiometry of the maturase-D4A complex is consistent with the crystal structures, which show that the probable RNA-binding surface lies on the opposite side of the dimerization interface ( Supplementary Fig. 3) . Therefore, a single RT dimer presents two identical electropositive surfaces that interact equally well with two separate D4A molecules. In the context of the full-length intron, it is likely that one of the two RNA-binding surfaces engages in D4A interactions with high affinity and specificity, whereas the other positive patch associates with a different intron domain, such as a section of D1 (Supplementary Fig. 3 ). This view is consistent with the crosslinking sites between the LtrA maturase protein and both D4 and D1 of its cognate intron 48 .
The dimerization interface is expected to influence RT activity because the structures capture the protein in a semiclosed conformation, in which the active site is partially blocked ( Supplementary  Fig. 2b) . The β-hairpin of the finger domain is positioned close to the active site, and an insertion loop containing α-helix a10 is partially inserted into the active site, buttressed by the dimerization interface ( Fig. 1a and Supplementary Fig. 2b) . In structures of other RTs, this insertion loop is not present, or it forms antiparallel β-sheets with the finger hairpin, as in the Prp8 RT-like domain and the telomerase RT (Fig. 2b,c) . Despite this apparent steric occlusion, these structural motifs may be flexible in solution, because the maturase is not inherently deactivated. The full-length E.r. construct displays unusually robust RT activity (Supplementary Fig. 5 ). In addition, the active site and the primer-grip regions of the maturase RT structure adopt configurations similar to that of an active telomerase 49 (Supplementary  Fig. 1d) . Even in the absence of the thumb (X) domain, the crystallographically characterized E.r. RT domain retains inherent activity, because it can extend an associated primer by 12-15 nt (Supplementary Fig. 5) . To our knowledge, this is the first time that a polymerase has been shown to retain robust activity in the absence of a thumb domain, although the highly processive primer npg a r t i c l e s extension observed for the full-length E.r. maturase construct supports the longstanding view that the polymerase thumb is a processivity factor 50,51 .
DISCUSSION
In this study, we determined crystal structures of the RT domain of a major family of reverse-transcriptases, which includes the group II intron maturases and the non-LTR retrotransposons. The structure of the R.i. maturase RT was obtained at a very high level of resolution (1.2 Å; R work /R free 12.31%/14.80%), thereby providing much-needed architectural and mechanistic information about a distinct enzyme family that has played a key role in evolution 2, 4, 24 and human disease 36, 37 .
The maturase RT structure is of particular importance because it provides structural information on the evolution of different RT families as well as strong evidence that group II introns and the eukaryotic spliceosome share an evolutionary heritage. On the basis of similarities in their catalytic mechanisms, group II introns have long been proposed to share a common ancestor with the eukaryotic spliceosome 1, 2, 20, 22 . Regions of sequence conservation between group II intron domain 5 and spliceosomal U6 RNA 1, 25, 52 , and similarities in metal-ion-binding sites 31, 53, 54 , have supported this view. More recently, structural and genetic studies have shown that the systems share a similar RNA active site 26, 31 , and recent structural 32, 34, 35 and bioinformatics 33 studies on the spliceosomal core protein Prp8 have indicated that it adopts a fold similar to those of RTs. The structural homology that we observed for the group II intron RT and the Prp8 RT-like domain (Fig. 2a,b) provides what is, to our knowledge, the first evidence on a protein-structure level of the close evolutionary relatedness of these two systems. Given that the group II intron and the spliceosome are related on both the RNA and protein levels, the results suggest that the spliceosome and group II intron RNP share a common ancestor. In addition, they imply that, like group II intron RNPs 55 , RNA and Prp8 components of the spliceosome have coevolved and share interdependent functions.
Perhaps just as interesting is the lack of structural homology between the maturase RT and other known RT enzymes. The retroviral RTs (for example, HIV RT) are architecturally distinct from the maturase RT (Supplementary Table 1 and Fig. 2a,d) , and even the telomerase RT displays distinct structural features, owing to the lack of the RT0 motif ( Fig. 2c and Supplementary Table 1) . In contrast, the flaviviral RNA-dependent RNA polymerases (for example, HCV NS5B) share strong structural homology with the maturase RT ( Fig. 2e and Supplementary Table 1 ). Together, these results suggest that the maturase and HIV RT, and perhaps also telomerase, have evolved as separate lineages, whereas the maturase and flaviviral RNA-dependent RNA polymerases share an evolutionary heritage. This view is consistent with the hypothesis that maturase RT enzymes evolved from RNA polymerases rather than other types of RT enzyme, as suggested by previous phylogenetic comparisons 23 . Indeed, maturases and non-LTR RTs may share a stronger link with flaviviruses than with retroviruses. Furthermore, this parity suggests that the distinct RT families that exist today arose separately and have evolved from different types of polymerases.
The availability of a group II intron maturase RT structure may facilitate biochemical investigations of the non-LTR retrotransposons 2 , which have long eluded biochemical and structural analysis. As one of the model examples for non-LTR retrotransposons, LINE-1 elements (L1) are ubiquitous in mammals and represent a major cause of genomic instability and sporadic cancer in humans 36, 37, 56 . Understanding of L1 activation and subsequent genomic disruption may be facilitated through homology modeling and mutational studies guided by the maturase RT structure presented here.
An intriguing aspect of the maturase RT is that it is the first RT known to bind directly with RNA at a position other than its template-binding site, interacting with a specific RNA receptor with subnanomolar affinity (Fig. 3c) . This feature underscores the ability of these ancient, highly compact enzymes to accomplish numerous tasks with a very tiny scaffold, having become multifunctional enzymes that efficiently carry out reverse transcription and RNA recognition, and other capabilities associated with RNA splicing and the invasion of duplex DNA 2, 13, 14 . Here we observed that the highly positively charged RT0 motif ( Figs. 2a and 3a) , which has previously been implicated in specific RNA binding 14, 17 , forms two sets of bent antiparallel helices and is located at the periphery of the finger subdomain ( Figs. 1a and 2a) . The scaffold of the RT0 motif is also present in HCV NS5B and the Prp8 RT-like domain ( Fig. 2a,b,e ) although the positive electrostatic surface is not conserved 32, 34, 35, 42 . This result suggests that in some systems, the RNA binding functions of RT0 have been lost and subsequently taken over by auxiliary domains.
The location of the putative D4A-binding sites suggests that the intron RNA allosterically regulates RT activity. Previous work has shown that both the RT0 and IFD regions contribute to D4A binding 17 . The RT0 region is located at the N terminus of the finger hairpin ( Fig. 2a) , which is crucial for polymerase activity in HCV NS5B 57 and HIV RT 58 . The IFD motif has been shown to mediate processivity in telomerase RTs 40 . Finally, both RT0 and IFD regions RT-D4A complex (c, shades of blue) were performed with the indicated range of concentrations (in mg/mL), and the MW at each concentration is plotted on the right y axis. For each concentration, the UV trace (curve) is plotted on the left y axis with the elution volume indicated on the x axis. The corresponding plot for the E.r. D4A RNA alone is provided as Supplementary Figure 4d . For the RT domain, the MW at the elution peak was 63 kDa at 0.01 mg/mL, 67 kDa at 0.08 mg/mL and 66 kDa at 0.01 mg/mL. For the RT-D4A complex, the MW at the elution peak was 104 kDa at 0.02 mg/mL, 110 kDa at 0.08 mg/mL and 112 kDa at 0.01 mg/mL. npg a r t i c l e s are close to the insertion loop that partially obstructs the active site ( Supplementary Fig. 2b) . Together, these findings suggest that crosstalk between RT subdomains and colocalized RNA binding sites might regulate RT activity. The dimerization interface observed in the crystal structures provides a physical foundation for understanding the maturase dimerization that has consistently been reported within group II intron RNPs 15, 16 . After dimerization, the complex presents two highly extended positive surfaces on each side of its solvent-accessible surface (Supplementary Fig. 3) . When the dimer binds to intron RNA, one of these positive surfaces can bind D4A, and the other may be positioned to interact with D1 ( Supplementary Fig. 3) , as previously suggested 48 . This dimerization presents the RNA-binding surfaces in a defined orientation that is likely to be essential for the precise and efficient positioning of the maturase within the intron for splicing and reverse transcription. Local motions at the interface may facilitate opening of the RT active site, thus allowing accommodation of RNA templates once they are available and turning on full RT activity of the enzyme to complete retrotransposition.
The high-resolution crystal structures reported in this study reveal that group II intron-encoded proteins share an evolutionary heritage with the RT domain of spliceosomal protein Prp8 and with RNAdependent RNA polymerases from flaviviruses. Our results extend previous findings implicating a similarity between Prp8 and viral RNA polymerases 32 and also provide notable general insights into the evolution of RT enzymes. The dimeric form of the maturase RT suggests mechanisms for the function and regulation of this unusual protein. Together with the wealth of biochemical data in the literature, these data underscore the multifunctional nature of maturase proteins and the delicate balance between RNA binding, maturase-stimulated splicing and RT activity by this remarkable class of enzymes.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Coordinates and structure factors have been deposited in the Protein Data Bank under accession codes PDB 5HHJ (native R.i. RT in space group P21), PDB 5HHK (Se-Met R.i. RT in space group P21), PDB 5IRF (native R.i. RT in space group P1), PDB 5IRG (Se-Met R.i. RT in space group P2 1 2 1 2 1 ) and PDB 5HHL (native E.r. RT in space group P21). Note: Any Supplementary Information and Source Data files are available in the online version of the paper. polynucleotide kinase (NEB), according to the manufacturer's protocol. After being subjected to denaturing gel purification, the radiolabeled RNAs were ethanol precipitated and then resuspended in a storage buffer containing 10 mM K-MES, pH 6.0, and 1 mM EDTA. Before binding reactions were set up, RNAs were diluted to 0.1 nM in the storage buffer, heated to 95 °C for 2 min and then cooled at 25 °C for 10 min. KCl was then added into the RNA solution to a final concentration of 200 mM. RNA-protein binding experiments were conducted in a buffer of 40 mM K-HEPES, pH 7.5, 200 mM KCl, 10% glycerol, 1 mM DTT and 0.05 mg/mL BSA, with 0.01 nM refolded RNA and E.r. RT proteins at the indicated concentrations. The binding reactions were incubated at 25 °C for 1 h, and the samples were directly loaded onto 6% nondenaturing polyacrylamide gels (37.5:1 acrylamide/bisacrylamide) without loading dye. Both the gel and the gel running buffer contained 0.5× TBE, 15 mM KCl and 5% glycerol. The gels were run at 70 V (7.3 cm in length) at 4 °C for 1 h and were then dried and exposed to phosphorimager screens for 2 d. The binding data for both D4A and D2 RNA were obtained from four independent experiments. Separation gels were scanned with a phosphorimager (Typhoon) and quantified with Quantity One version 4.6.6 (Bio-Rad), and the dissociation constant was determined by fitting the fraction of bound RNA at each protein concentration to the Hill equation, with GraphPad Prism version 6.03, as previously described 66 .
Ribonucleoprotein-complex assembly. The D4A RNA construct was transcribed and purified as described above, but at a larger scale. The gel bands corresponding to the transcribed D4A were visualized by UV shadowing and were excised from the gel, and the D4A RNA was electroeluted overnight at 4 °C with an EluTrap system (Whatman). The RNA was ethanol precipitated and washed with 70% ethanol, and the resulting RNA pellet was dissolved in 500 µL of a buffer containing 10 mM MES, pH 6.0, 200 mM KCl and 1 mM EDTA. Before complex assembly, D4A was heated to 95 °C for 2 min and then snap cooled on ice. D4A was then mixed with E.r. RT in buffer H (25 mM K-HEPES, pH 7.5, 2 M KCl, 10% glycerol and 1 mM DTT) at an equal molar ratio, and the mixture was dialyzed against buffer I (25 mM K-HEPES, pH 7.5, 200 mM KCl and 1 mM DTT) at 4 °C overnight. The complex was injected onto a HiLoad Superdex S200 gel-filtration column (GE Healthcare) equilibrated with buffer I, and the peak fractions were pooled, concentrated, flash frozen under N 2(l) and stored at −80 °C.
